Transition metal doped CuO has been studied to realize the new room temperature ferromagnetic materials for the spintronics devises. Commercial transition metal oxides and CuO were used as the precursors, and they were mechanically milled by the planetary ball mill with WC vial and balls at 500 rpm for 15 minutes. V, Mn and Fe were successfully doped into CuO. These samples showed various magnetic properties at room temperature.
INTRODUCTION
Transition metal (TM) doped diluted magnetic semi conductors (DMS) of (TM) x Zn 1x O [1] , (TM) x Ti 1x O 2 [2] and (TM) x Sn 1x O 2 [3] and [(TM) x Cu 1x ] 2 O [4] have been studied by our group to realize the new magnetic oxides for the spintronics devises [5] . Present candidate of DMS host material is CuO, which is an antiferromagnetic semiconductor with the Néel temperature T N of 213230 K [6, 7] and the gap energy of about 1.4 eV [8] .
TMdoped CuO of (TM) x Cu 1x O can be expected as the multifunctional material with magnetic, conductive and optical properties. Effects of TMdoping were studied for CuO, where TM=Mn [912], Fe [1316], Ni [17] and Zn [16, 17] .
The Mn x Cu 1x O systems were prepared by co precipitation methods [9, 12] , solid state reaction method [10, 12] and rf sputtering [11] . All of the samples in 0<x<0.3 showed the ferromagnetic transition at 80100 K [912], which was assumed to arise from the ferromagnetic coupling between Mn ions mediated by Cu ions [11, 12] .
The Fe 0.005 Cu 0.995 O systems were studied by several authors. The samples prepared by coprecipitation methods showed the antiferromagnetic behaviors with decrease of T N [13] or enhanced magnetic moment [16] . The Mössbauer studies of ball milled and annealed mixtures of CuO and α Fe 2 O 3 revealed a spinglass like behavior, but no magnetization data was presented [14, 15] . The Ni and Zn doped systems with lower x than 0.03 were antiferromagnetic with slight decrease of T N [16, 17] In the present study, TMdoping into CuO was performed only by mechanical milling (MM) using planetary ball mill from the precursors of TM oxide and CuO. Successfully doped samples had the TM concentration x between 0.05 and 0.1 or 0.2. 3 , respectively, and the WC balls with 15 mm diameter were used as the grinding media.
SAMPLE PREPARATION AND EXPERIMENTAL
About 2 g of powder mixture was the starting material. The volume ratio of balls and powder was about 50 : 1. Rotation speed and rotating time were 500 rpm and 15 minutes, respectively.
The milled powders were characterized by CuK α X ray powder diffraction (XRD). The superconducting quantum interference devise (SQUID) were used for the magnetization measurements.  3. EXPERIMENTAL RESULTS AND DISCUSSION 3.1 Mechanical milling effect for CuO powder XRD patterns of the milled CuO powder showed that monoclinic structure [18] was held even after the milling. By MM, diffraction peaks were broadened as the rotation speed increased. The mean crystallographic correlation length or particle diameter d of CuO particle was estimated from the half width of each diffraction peak by Sherrer's formula. The rpm dependence of d is shown in Fig. 1 . The d of commercial CuO powder was about 30 nm, and it monotonously decreased as the rotation speed increased. At 400 rpm, d was about 5 nm, and above 400 rpm, d became nearly constant.
From the above results, it was confirmed that MM produced CuO nanopowder. Unchanged crystal symmetry before and after milling showed the possibility of transition metal doping into CuO by MM. Since the above results were reproducible for the samples with different milling time above 15 minutes, we adopted the shortest milling time of 15 minutes in the sample preparation. As the results, we succeeded to dope V, Mn and Fe into CuO. Therefore we report the experimental results for the above three kinds of TM doped CuO.
XRD results of CuO
Powder XRD patterns of 0. 4 emu/mol, and the M values unchanged for each sample at room temperature of 300 K. The M(T) curve of pure CuO (x=0) has an antiferromagnetic behavior with T N of about 200 K as same as the previous works [6, 7] . But M's of x = 0.05 and 0.1 samples significantly increased at low temperature below 100 K. The larger M of x = 0.1 sample than that of x = 0.05 sample means that the enhanced magnetic moment is due to the amount of These results are comparable to the previous data of Mn x Cu 1x O systems [912], where the T c 's were 80100 K. The exchange coupling between magnetic ions is weakened on the particle surface. The ratio of atomic numbers on the surface and in the volume becomes large in the smaller particle system. Therefore the smaller values of T c in the present system than those of previous works may be due to the small particle diameter d of about 5 nm, because the d of previous polycrystalline Mn x Cu 1x O systems was about 100 nm [10] . In Figs. 8 and 9 , the temperature and field dependences of magnetization M were shown for Fe x Cu 1x O where x = 0, 0.05, 0.1 and 0.2. By the Fedoping, the ferromagnetic behaviors with T c far above 300 K appeared and the enhancement of magnetic moment was observed.
In the previous works, the Fe 0.005 Cu 0.995 O systems showed the antiferromagnetic behaviors with decrease of T N [13] , enhanced magnetic moment [16] and a spinglass like behavior [14, 15] . The first observation of ferromagnetism in the Fe x Cu 1x O system may be due to the surface magnetism by nanometric diameter of about 5 nm. Here we use the following expression for magnetization under high field, The room temperature ferromagnetism was also observed in the defected CuO with oxygen vacancy [19, 20] . However the induced magnetization was much smaller than that of present TMdoped CuO system.
CONCLUSION
The magnetic properties of transition metal doped CuO has been studied. The mixtures of commercial transition metal oxides and CuO were mechanically milled by the planetary ball mill with WC vial and balls at 500 rpm for 15 minutes. V, Mn and Fe were successfully doped into CuO.
In V x Cu 1x O, the M(H) curves were paramagnetic, and the M values unchanged for each sample at room temperature of 300 K. But M's of Vdoped samples significantly increased at low temperature below 100 K. The large M in high V concentration sample means that the magnetic moment is enhanced by the Vdoping.
In Mn x Cu 1x O, all of the samples are paramagnetic at room temperature. But the x = 0.05 and 0.1 samples has the T c of about 50 K. These results are qualitatively same as the previous results.
In Fe x Cu 1x O, the ferromagnetic behaviors with T c far above 300 K and the enhancement of magnetic moment were observed. The first observation of ferromagnetism in the Fe x Cu 1x O system may be due to the small particle diameter of about 5 nm, but more detailed study is needed to elucidate the mechanism of room temperature ferromagnetism in this system.
